We show preliminary results of least-squares migration for both primaries and multiples. The result of applying this method to one portion of the synthetic SMAART data shows that, if we can design an accurate forward modeling algorithm, we can suppress the multiples' images and enhance the resolution of the primaries' images. Tests also indicate that success of this method is sensitive to the accuracy of the modeling operator.
Introduction
A drawback of Kirchhoff migration is that it only applies the adjoint of the forward modeling operator to the data. In order to improve the migration quality, it is desirable to apply the inverse Hessian as well. Nemeth et al. (1999) , Duquet and Marfurt (1999) successfully developed a least square migration (LSM) algorithm that has been tested on both synthetic and real data.
At the 72nd SEG meeting, Brown (2002) introduced a successful least-squares joint imaging method for primaries and multiples. The imaging operator was NMO, and he pointed to migration as a possible imaging operator. Liu (1996) and Wang (1998) had successfully applied least-squares migration filtering of both primaries and multiples to synthetic and field data.
Here we are trying to use LSM to migrate both primaries and multiples in one portion of the synthetic SMAART data.
If we represent the migration forward modeling using a operator L such that:
where d is the seismic data, and m is the reflectivity model, then the migration image m is given by:
where L T is the transpose of L. Because L T is not exactly the inverse of L, Kirchhoff migration provides only an approximation to the true reflectivity model.
In LSM, we iteratively model the seismic data to reduce the data residuals. The residuals are migrated to update the reflectivity model. In order to migrate both primaries and multiples, the free-surface multiple traveltimes are first predicted by the primary traveltimes as described below. The algorithm can be symbolized (Yu et al., 2002) as:
where L p is the operator for the primary, and L m is the operator for the multiples. Note the polarity change of multiples should be taken into account.
Least square joint migration gives the reflectivity model as:
The least square algorithm can be a steepest descent method or conjugate gradient method. Preconditioning and regularization aids in finding the optimal solution (Nemeth et al. 1998 ).
Prediction of free-surface multiple traveltimes
According to Asakawa and Matsuoka (2002) , we can predict free-surface multiple traveltimes without raytracing. Assume the primary traveltimes on the free surface are available and denoted as T 0 (s, g), where s is the source position, and g is the geophone position. The first-order free-surface multiple traveltime is given by:
where g is any point on the free surface.
A similar approach can be applied to find high-order multiple traveltimes. Here we are only interested in the firstorder peg-leg multiples due to the reflection by the water bottom. So T 0 (s, g ) will be the water bottom primary reflection traveltime which can be either picked from the data or can be easily calculated once we know the water velocity and depth. This will result in the natural first-order free-surface multiple traveltime. Higher-order free-surface multiples can be computed in a similar way.
One problem concerning this method is that we may not have sufficient sampling of primary traveltimes on the free surface. This is solved by interpolation of primary traveltimes to finer grids on the free surface. Figure 2 , where several orders of freesurface multiples exist. Figure 3 is the standard Kirchhoff migration result, where the migrated multiples heavily blur the primary image. Figure 4 is a stack-of-scattering-based synthetic zerooffset data with primary reflections and only the firstorder free-surface multiples. The result of applying Kirchhoff migration to these data is shown in Figure 5 . The migrated multiples blur the migrated primary reflections, and makes it difficult to unveil the underlying layers. Figure 6 shows the result of LSM after 100 iterations of a steepest descent method. The multiple image has now been greatly suppressed, and the formerly blurred layers are imaged clearly. Figure 7 shows the result of applying LSM to the wave-equation-based synthetic data. Without additional treatment, the result is not as good as the one shown in Figure 6 . So, in order to make the LSM a robust tool for suppressing multiple blurring, a suitable forward modeling algorithm is required. 
Discussion
We applied least-squares migration to data with both primaries and multiples of one part of the synthetic SMAART model. Using the Born assumption for mod-
Depth ( eling synthetic data, the method successfully suppressed multiple images from the migration. In order to make it a robust and powerful tool for suppressing multiple images and enhancing primary images in migration, an accurate and realistic forward modeling algorithm is required.
